Introduction {#Sec1}
============

Carbon dioxide (CO~2~) and nitrous oxide (N~2~O) are two of the most important greenhouse gases (GHGs) that contribute to global warming (IPCC [@CR35]). Nitrous oxide also contributes to stratospheric ozone layer depletion (Ravishankara et al. [@CR59]). Nitrous oxide has a global warming potential 298 times greater than CO~2~ over a hundred year time horizon and a long lifetime of 114 years (Forster et al. [@CR28]; IPCC [@CR35]). Globally, it has been estimated that N~2~O emissions have increased from 11 Tg N~2~O-N yr^-1^ in the early 17^th^ century to 17.7 Tg N~2~O-N yr^-1^ in 1994 (Kroeze et al. [@CR39]) and that the concentration of N~2~O in the atmosphere is increasing by 0.8% annually (IPCC [@CR34]). The concentration of CO~2~ has also increased from 280 ppm in pre-industrial times to 392 ppm in the early 21^st^ century (Tans [@CR69]), highlighting that a reduction in the concentration of both gases would aid in the mitigation of climate change.

Nitrous oxide is produced from nitrification and denitrification processes (Davidson et al. [@CR23]) and are influenced by pH (Law et al. [@CR41]), soil moisture, and availability of C and N substrates (Beare et al. [@CR11]). Both processes of nitrification and denitrification can occur simultaneously in a soil at aerobic and anaerobic micro-sites at soil water contents between 60% and 80% water-filled pore space (WFPS), with an increase in denitrification when WFPS exceeds 80% (Davidson et al. [@CR23]; Dalal et al. [@CR22]; Bolan et al. [@CR13]). Furthermore, N~2~O emissions can be stimulated by the application of N fertiliser and organic soil amendments (Aulakh et al. [@CR7]; Eichner [@CR26]; Wang et al. [@CR78], [@CR79]). Decomposition of organic materials generates labile C compounds (Chatterjee et al. [@CR19]) which enhances the denitrification rate in soils (Robertson and Tiedje [@CR61]; Wallenstein et al. [@CR77]; Pérez et al. [@CR57]).

The increasing cost of mineral fertilisers and the degradation of native soil fertility in production systems are placing greater emphasis on the use of low cost organic by-products for both carbon and nutrient management (Zhao et al*.*[@CR88]) both as a sole source of N or in combination with mineral fertilisers. A wide range of organic residues from intensive animal production, food and fibre processing and municipal/commercial sources are available for use as organic soil amendments (OAs). The application of OAs to soil supplies macro- and micro-nutrients, improves soil chemical and physical properties and promotes plant growth (Quilty and Cattle [@CR58]). Organic compounds, including biochar, are negatively charged because of the phenolic and carboxyl groups in their structure (Verheijen et al. [@CR75]; Widowati et al. [@CR82]) and increase surface negative charge (Naidu and Syers [@CR52]) that may lead to increased cation exchange capacity (CEC) (Chan et al. [@CR17]; Peng et al. [@CR56]; Widowati et al. [@CR82]) and improve soil fertility. The applications of these OAs, including manures and biochar have also been shown to increase pH to more favourable levels for plant growth in acidic soils (Naidu and Syers [@CR52]; Whalen et al. [@CR81]; Amiri and Fallahi [@CR5]; Yuan et al. [@CR84]).

OAs can be raw or processed (e.g. dried, pelletised, composted, digested, pyrolyzed) and display markedly different characteristics with respect to nutrient status and availability. For example, rice husk as the main by-product of rice mills represents 22% of the total weight (Umamaheswaran and Batra [@CR71]), and is generated at an annual rate of nearly 164 million tonnes worldwide considering there is 745 million tonnes of rice produced globally (FAO-STAT [@CR27]). Whilst part of the rice husk is used for heating, much of it is discarded. Production of rice husk biochar may offer a pathway for the beneficial use of the rice husk in agricultural soils (e.g. Masulili et al. [@CR48]), and in turn reduce GHG emissions (Zhang et al. [@CR86], [@CR87]; Wang et al. [@CR79]). Wang et al. ( [@CR78]) found that application of 50 t ha^-1^ rice husk biochar to paddy soils decreased N~2~O emissions by 73.1%.

Mill mud is a sugar milling by-product, with approximately 60 million tonnes generated worldwide on an annual basis of which 2 million tonnes is generated in Australia (Barry et al. [@CR9]). Mill mud is recognised as a valuable agricultural OA containing lime and a range of nutrients which improves soil conditions (Kumar et al*.*[@CR40]) and crop yields (Yaduvanshi and Yadav [@CR83]). Mill mud is applied as an alternative to synthetic N fertilisers for sugarcane production, however application rates in excess of 150 t ha^-1^are considered to be well above crop requirements with soils showing elevated levels of nutrients and heavy metals after repeated applications (Barry et al. [@CR9]). Composted mill mud (0.5 to 1.48% total N) (Chapman [@CR18]), has neutral pH and low phyto-toxicity, also making it suitable for agricultural use (Meunchang et al. [@CR50]).

While the rice husk and the mill mud OAs are relatively low in N (total and available) food processing residues exist with elevated N levels, (e.g. gelatine manufacturing residues). These by-products are highly putrescible and classified as regulated waste and have to be processed before they can be applied to agricultural soils. Composted residues from the manufacture of gelatine also represent a valuable OA with relatively high N content (1.7% to 3.2%) (Biala and Smeal [@CR12]).

Whilst the agronomic benefits of OAs have been the focus of many studies (Zebarth et al. [@CR85]; Speir et al. [@CR68]; Zhao et al. [@CR88]) there is little complementary information on the contribution of OAs to GHG emissions and global warming, specifically the production of N~2~O, and its relationship to the mineralisation of OAs. The mineralisation of OAs applied to soil is dependent on the C:N ratio of the OA and soil physical and chemical conditions, including soil moisture content. For example, the suppression of N~2~O emissions on the application of biochar may be due to increased soil pH and changed soil aeration (Cavigelli and Robertson [@CR15]). Plant residues with a low C:N ratio normally induce relatively high N~2~O emissions (Huang et al. [@CR33]) when soils remain aerobic, but soil N~2~O production is depressed when soil conditions become anaerobic (Li et al. [@CR44]). In contrast, when inorganic sources of N are available, N~2~O emissions under anaerobic conditions are orders of magnitude higher than under aerobic conditions (Linn and Doran [@CR46]).

The primary objective of this study was to evaluate the impact of applying biochar and OAs (with equivalent bulk and/or N loadings) relevant to the sugar cane industry on the emissions of two major GHGs (CO~2~ and N~2~O) from soils with similar agronomic history and fertility but contrasting textures. Laboratory incubations (under controlled conditions) provide valuable information on the mineralisation of OAs and the production of GHGs which may be masked in field situations under variable temperature, moisture and soil conditions. Laboratory incubations also provide a quantitative means of pre-selecting OAs for more extensive field testing before being used for commercial purposes. Changes in soil pH and CEC were also assessed in an attempt to derive empirical relationships describing CO~2~ and N~2~O evolution over a range of soil water contents for predictive modelling purposes. The experimental design also included observations when soils were amended with OAs alone and in combination with mineral N fertiliser, a common practice in cropping systems.

Materials and methods {#Sec2}
=====================

A 60-day laboratory incubation experiment was used to evaluate the influence of soil texture and moisture on the production of N~2~O and CO~2~ after the application of OAs and mineral N at rates relevant to the sugar cane industry. Two contrasting soils (sandy loam and clay) were incubated at 25°C with 18 treatments (6 OAs × 3 soil moisture levels) with five replicates. The treatments were (i) an un-amended (UN) control; the application of the equivalent of (ii) 110 t ha^-1^ raw mill mud (MM); (iii) 60 t ha^-1^ rice husk biochar (RB); (iv) 60 t ha^-1^ raw mill mud plus 25 t ha^-1^ RB (MB); (v) 110 t ha^-1^ composted mill mud (CM); and (vi) 23 t ha^-1^ high N compost (HC). After 30 days, mineral N fertiliser (equivalent to 200 kg N ha^-1^) was added to all treatments.

Organic soil amendments {#Sec3}
-----------------------

The RB was produced from rice husks by thermal pyrolysis at 350 to 500°C and supplied by Barmac Industries Pty Ltd. MM and CM were provided by the Broadwater Sugar Mill. MM was stockpiled for several weeks prior to use, while the CM also included bagasse, and was aged for at least eight months following a three month windrow composting process. MM and CM were manually screened through a 4 mm stainless mesh for removing bulky fragments before application. The HC was made from gelatine manufacturing residues, which are blended with shredded vegetation residues. The mixture, which was composted for 4--5 weeks, contained approximately 30% (v/v) wastewater sludge and skutch (boiled and minced cattle hide) and about 70% (v/v) bulking materials including shredded vegetation residues, old compost and boiler ash. The HC was not a fully composted and stabilised compost product and was mechanically screened to \<20 mm mesh at the composting operation. The chemical and physical properties of OAs are listed in Table  [1](#Tab1){ref-type="table"}.Table 1**The characteristics of organic amendments added to sugarcane soils (sandy loam and clay) from Broadwater (NSW)**Mill mud (MM)Composted mill mud (CM)High N Compost (HC)Rice husk biochar (RB)MM + RB (MB)pH (1:5 H~2~O)7.26.98.09.0NDDry matter (kg)37,07054,23016,12355,92043,520CEC (cmol^(+)^ kg^-1^)18.815.5ND^\*^5.6NDTotal C (g kg^-1^)250120280464365Labile C (g kg^-1^)1.40.15.801.0Total N (g N kg^-1^)8.95.821.04.06.3Mineral N (mg N kg^-1^)05.5489100C/N ratio28.120.713.3116.057.7Moisture (%)66.350.729.96.848.8Total C applied (kg C ha^-1^)9,2686,5084,51425,94715,866Total N applied (kg N ha^-1^)330315339224273BD^¶^ - sandy loam (g cm^--3^)1.051.131.171.021.05BD^¶^ - clay (g cm^--3^)0.920.971.070.920.89\*ND: not determined. MB, combined MM and RB. ^¶^soil bulk density after mixing the OAs in the soils.

The magnitude of soil based GHG emissions after application of OAs is a function of both the quantity and quality (C and N contents) of the OAs and the moisture content of the soil during the incubation. HC was applied at a rate equivalent to the total N loading of MM. RB was applied at a bulk rate slightly higher than previously reported for tropical cropping systems (Zhang et al. [@CR86]; Haefele et al. [@CR31]) to ensure the N addition was comparable to the other OAs. MB was a combination of MM and RB with the same N loading as CM.

Description of soil sampling and preparation {#Sec4}
--------------------------------------------

Both soils (sandy loam and clay) were collected from a sub-tropical sugarcane plantation in Broadwater, northeast NSW, Australia (29°00′S 153°25′E). Bulk soil was collected from a depth of 0--20 cm across a uniformly managed field, then air-dried, sieved through a 2 mm stainless mesh, and stored at 4°C until used. Soil properties are described in Nguyen et al. ( [@CR54]). Briefly, the sandy loam and the clay soil have clay contents of 12.0 and 49.7%, total organic C contents of 2.2 and 2.5%, and soil bulk density of 1.2 and 1.17 g cm^-3^, respectively. Total N contents (0.2%) and pH levels (4.9) were identical for both soils.

Soil incubation {#Sec5}
---------------

OAs were thoroughly mixed with 200 cm^3^ of soil (240 g sandy loam soil or 234 g clay soil, oven-dry weight base). The soil was packed into a 15 cm high PVC cylindrical pipe with 5.05 cm inner diameter to achieve the target bulk density (Table  [1](#Tab1){ref-type="table"}). Soil cores were pre-incubated for seven days at 25°C at 60% WFPS after addition of deionised water. WFPS was calculated as:

where: GWC: gravimetric water content (g g^-1^)BD: soil bulk density (g cm^-3^)2.65 assumes the soil particle density (g cm^-3^)

After pre-incubation, soil moisture was adjusted to 60%, 75%, and 90% WFPS for respective treatments to cover the full range from aerobic to anaerobic soil conditions (Weier et al. [@CR80]). Each core was placed in a 1-litre glass jar (hereafter called \"chamber\"), which could be capped with a rubber septum lid. The lids were removed after each gas sampling event to ensure the gases in the chamber returned to atmospheric concentrations prior to recommencing the incubation. The cores were maintained at a consistent temperature of 25°C in an incubator. Constant soil moisture was maintained by weighing the cores every three days with the addition of deionised water if required. The incubation experiment was conducted in two stages, each of which lasted a total of 30 days. At the beginning of the second stage (Day 30) mineral N fertiliser (200 kg N ha^-1^ as dissolved urea) was added to all treatments to replicate a common field practice of mixing organic and inorganic fertilisers.

Measurements and calculations of N~2~O and CO~2~ emissions {#Sec6}
----------------------------------------------------------

Flux rates of N~2~O and CO~2~ were determined at 1, 2, 3, 5, 7, 10, 12, 15, 20, 25, and 30 days after the start of incubation and again (using the same gas sampling frequency) after the addition of N fertiliser. Gas samples were taken from chamber headspace at closure of the septum lid and three hours after closure (Nguyen et al. [@CR55]) by inserting a syringe through the rubber septum. Gas samples were immediately transferred from syringe into evacuated Exetainer tubes (Labco Ltd, Buckinghamshire, UK) for storage until analysis.

Headspace concentrations were measured by gas chromatography using a Shimadzu GC-2014, equipped with an electron capture detector (ECD) for N~2~O and a thermal conductivity detector (TCD) for CO~2~. Flux rates (F) of N~2~O and CO~2~ were calculated using the following equation:

where, b: Increase in headspace concentration (ppb min^-1^); A~CH~: Basal area of the measuring chamber (m^2^); MW is either MW~N2O-N~: Molecular weight of N~2~O-N (28 g mol^-1^) or MW~CO2-C~: Molecular weight of CO~2~-C (12 g mol^-1^); MV~corr.~: Temperature corrected molecular volume (m^3^ mol^-1^); V~CH~: Volume of the measuring headspace chamber (m^3^); 60: conversion from minutes to hours; 10^6^: Converts g to μg; 10^9^ converts ppb to μL m^-3^.

where: MV~corr.~: is defined as above; 0.02241: 22.41 L mol volume (m^3^ mol^-1^); T: Air temperature during the measurement (°C).

To convert \[μg m^-2^ h^-1^\] to \[g or kg ha^-1^ d^-1^\] the following formulae were used:

where, 24 converts hours to days, 10^4^ converts m^2^ to hectares, and 10^6^ and 10^9^ convert μg to g and μg to kg, respectively.

Soil analysis {#Sec7}
-------------

The concentrations of exchangeable NH~4~^+^-N and NO~3~^-^-N, CEC, and pH were measured after 60 days of incubation. NH~4~^+^-N and NO~3~^-^-N were determined after shaking 20 g of fresh wet soil with 100 mL 2 M KCl for 2 h and the filtered extracts analysed by AQ2^+^ SEAL Analytical WI, USA (Carter and Gregorich [@CR14]). CEC of each soil was determined by ICP-OES (Inductively Coupled Plasma -- Optical Emissions Spectroscopy) after 2 g of air-dried soil was extracted with 40 mL 1 M ammonium chloride (buffer at pH 7). Soil pH~(H2O)~ was determined on a 1:5 soil:solution basis at room temperature using a pH meter.

Labile C concentrations in OAs were determined by a methodology adapted from the method described in AS4454-2003 (Australian Standard [@CR8]). A 100 g sample was extracted in 150 mL hot deionised water (100°C) while the sample was mixed in a tumbler at 30 rpm for 30 minutes. After extraction, the sample was filtered and analysed for labile C via a total organic C analyser.

Statistical analysis {#Sec8}
--------------------

Three-way analysis of variance (ANOVA) was used for determining the influence of OAs, soil texture and WFPS on CO~2~ and N~2~O over the first 30 days, and the second 30 days after addition of the equivalent to 200 kg N as urea. Three-way ANOVAs were also used to determine the impact of OAs, soil texture and WFPS on CEC, pH after and mineral N (NH~4~^+^ and NO~3~^-^) after 60 days. The N~2~O emissions, NH~4~^+^ and pH results were log transformed to meet conditions of normality and homogeneity of variances. We also attempted to develop a predictive linear model of CO~2~ and N~2~O production for the two soils in response to WFPS over the two 30 day time periods by including the specific properties of the OAs (i.e. the C/N ratio and total dry matter addition) as independent variables. Statistical analyses were performed using Mathematica ( [@CR49]).

Results {#Sec9}
=======

CEC and soil pH {#Sec10}
---------------

There was no effect of WFPS on CEC after 60 days for all OA treatments in both soils, however highly significant texture and treatment effects were apparent (P \< 0.001) (Table  [2](#Tab2){ref-type="table"}). In the sandy loam, CEC increased (on average) by 2.3 cmol^(+)^ kg^-1^ or 80% compared to UN, whilst in the clay soil CEC increased by 1.4 cmol^(+)^ kg^-1^ or 9.7%. In terms of CEC, the only OAs that were significantly different to the unamended soil were HC and CM in the sandy loam.Table 2**CEC in two sugarcane soils (sandy loam and clay) from Broadwater (NSW) at Day 60 of incubation at three WFPS levels following addition of OAs**CEC (cmol ^(+)^kg ^-1^soil)Sandy loamClayWFPS (%)WFPS (%)Treatment607590607590UN2.9 ± 0.22.9 ± 0.12.8 ± 0.214.6 ± 1.214.4 ± 1.114.2 ± 1.0MM4.6 ± 0.25.2 ± 0.45.1 ± 0.315.7 ± 1.415.5 ± 1.316.0 ± 1.0RB4.2 ± 0.24.1 ± 0.33.9 ± 0.1114.7 ± 1.014.7 ± 1.014.9 ± 1.1MB4.5 ± 0.24.6 ± 0.14.7 ± 0.115.7 ± 1.115.6 ± 1.315.6 ± 1.3CM5.1 ± 0.45.3 ± 0.25.3 ± 0.116.2 ± 1.315.6 ± 1.116.4 ± 1.2HC6.9 ± 0.87.2 ± 0.37.1 ± 0.216.7 ± 0.917.2 ± 1.216.6 ± 0.9Urea was added on Day 30. Values present the mean with SE (n = 4).

There was no effect of WFPS or texture on pH after 60 days for the OA treatments in both soils (Table  [3](#Tab3){ref-type="table"}), however a treatment effect was apparent (P \< 0.01), with a 0.5 pH unit increase after 60 days in the RB treatment in the sandy loam soil being the most significant.Table 3**pH in two sugarcane soils (sandy loam and clay) from Broadwater (NSW) at Day 60 of incubation at three WFPS levels following addition of OAs**pH (H ~2~O)Sandy loamClayWFPS (%)WFPS (%)Treatment607590607590UN4.05 ± 0.123.93 ± 0.184.20 ± 0.224.51 ± 0.104.14 ± 0.204.21 ± 0.16MM4.23 ± 0.144.15 ± 0.134.25 ± 0.214.56 ± 0.124.41 ± 0.154.19 ± 0.18RB4.49 ± 0.064.41 ± 0.064.48 ± 0.054.51 ± 0.284.37 ± 0.154.30 ± 0.09MB4.35 ± 0.094.39 ± 0.124.41 ± 0.164.42 ± 0.124.21 ± 0.104.27 ± 0.08CM4.21 ± 0.144.18 ± 0.174.54 ± 0.114.20 ± 0.184.16 ± 0.154.20 ± 0.16HC4.16 ± 0.123.96 ± 0.164.27 ± 0.134.09 ± 0.164.05 ± 0.174.11 ± 0.15Urea was added on Day 30. Values present the mean with SE (n = 4).

Daily flux rates of CO~2~ and N~2~O emissions {#Sec11}
---------------------------------------------

Daily flux rates of CO~2~ from the sandy loam and clay soils over the 60 days of the incubation are presented in Figure  [1](#Fig1){ref-type="fig"}. Increasing WFPS did not significantly influence CO~2~ emissions. During the first 30 days, the highest CO~2~ flux rates were measured on the second day of the incubation (average 14.7 kg C ha^-1^ and 26 kg C ha^-1^ from the sandy loam and clay soil respectively). The lowest flux rates were measured in UN (4.3 kg C ha^-1^ and 16.3 kg C ha^-1^ from the sandy loam and clay soil respectively) and the highest rates in the MM treatments (25.1 kg C ha^-1^ and 41.5 kg C ha^-1^ respectively). On day 2, the CO~2~ flux rates from the RB and CM amended treatments were only marginally higher than the UN (on average 5.3 kg C ha^-1^ and 17.8 kg C ha^-1^ from the sandy loam and clay soil respectively). By day 30, CO~2~ flux rates averaged 6.9 kg C ha^-1^ and 13.3 kg C ha^-1^ from the sandy-loam and clay soil respectively with the MM soil still the highest emitter of all the OAs (12.7 and 18.5 kg C ha^-1^ respectively). After 30 days, the RB and CM soils still produced relatively low CO~2~ emissions, comparable to the UN control soils.Figure 1**CO** ~**2**~ **emissions following addition of organic soil amendments to two sugarcane soils (sandy loam and clay) from Broadwater (NSW) monitored over a 60-day incubation period.** Urea (200 kg N ha^-1^) was added on day 30. Arrows indicate the time of N addition and vertical bars present the SE (n = 5).

In terms of changes in the magnitude of CO~2~ flux over the 30 days, the HC amended soils initially produced relatively high daily CO~2~ emissions (average 27.7 kg C ha^-1^) with little difference between soil types; however by day 30 the CO~2~ emissions in HC had decreased to 7.8 kg C ha^-1^. The MB amended soils produced relatively high daily CO~2~ emissions at day 2 (average 27.5 kg C ha^-1^) declining to 13.5 kg C ha^-1^ by day 30.

After addition of urea (equivalent to 85.7 kg C ha^-1^) on day 30, the highest daily flux rates of CO~2~ for the entire incubation period of 60 days were recorded on day 31 (average 36 and 41 kg C ha^-1^ for the sandy-loam and clay soil respectively). The majority of the CO~2~ from the urea application was emitted over the next 2--3 days, with all treatments (in both soils) stabilising to pre-urea addition levels after day 33. The daily CO~2~ flux rates from days 33--60 were relatively stable across all treatments (average 6.2 and 14.5 kg C ha^-1^ from the sandy loam and clay soil respectively), with the highest emissions from the MM and MB amended treatments, on average 10.1 and 19.7 kg C ha^-1^ for the sandy loam and clay soil respectively. Daily flux rates from the other OAs (HC, RB and CM) in both soil types were similar to UN and approximately one-half of the flux rates recorded for MM and MB.

Daily flux rates of N~2~O from the sandy loam and clay soils over 60 days are presented in Figure  [2](#Fig2){ref-type="fig"}. Changes in WFPS had a significant impact on N~2~O emissions, in particular the unamended sandy loam soil where at 90% WFPS, the average daily N~2~O emissions over the first 10 days were 77 g N ha^-1^ compared to 1--2 g N ha^-1^ from the lower WFPS treatments. During the first 30 days, the average daily N~2~O flux rate from the MM, RB and MB treatments in both soils (regardless of WFPS) was only 1 g N ha^-1^. The average daily N~2~O flux rates from the CM treatment were also similar to these treatments but in the clay soil only. The HC amended soil produced the highest N~2~O emissions of all the OAs, with average daily N~2~O emissions over the first 30 days of 56 and 13 g N ha^-1^ from the sandy loam and clay soil respectively.Figure 2**N** ~**2**~ **O emissions following addition of organic soil amendments to two sugarcane soils (sandy loam and clay) from Broadwater (NSW) monitored over a 60-day incubation period.** Urea (200 kg N ha^-1^) was added on day 30. Arrows indicate the time of N addition and vertical bars present the SE (n = 5).

In both soils, the daily N~2~O emissions gradually increased after the addition of urea (equivalent to 200 kg N ha^-1^). The highest daily N~2~O emissions from the sandy loam soil were measured at day 60 (average 162 g N ha^-1^), ranging from 75 g N ha^-1^ (RB) to 283 g N ha^-1^ (HC). The highest daily N~2~O emissions from the clay soil were measured at day 55 (average 75 g N ha^-1^) ranging from 35 g N ha^-1^ (RB) to 136 g N ha^-1^ from the HC amended soil. The average daily N~2~O emissions from days 31--60 were 45 g N ha^-1^ and 28 g N ha^-1^ from the sandy loam and clay soil respectively. Daily N~2~O emissions ranged from 17 g N ha^-1^ (RB) to 83 g N ha^-1^ (HC) in the sandy loam and from 13 g N ha^-1^ (RB) to 55 g N ha^-1^ (HC) in the clay soil with mid-range emissions from the UN control.

Cumulative emissions of CO~2~ and N~2~O {#Sec12}
---------------------------------------

Both soil type and the type of OA had highly significant influences (P \< 0.001) on total CO~2~ emissions over 30 and 60 days (Table  [4](#Tab4){ref-type="table"}). After 30 days, the CO~2~ emissions from the UN clay soil (304 kg C ha^-1^) (averaged across WFPS) were nearly 3 times the magnitude of those measured from the sandy loam soil. Total CO~2~ emissions from the OA amended soils after 30 days ranged from 155--488 kg C ha^-1^ in the sandy loam soil and 384--699 kg C ha^-1^ in the clay soil with the lowest emissions from the RB and CM treatments and the highest from the MM amended soils. Background CO~2~ emissions from unamended soil after 60 days were 230 kg C ha^-1^ and 666 kg C ha^-1^ for the sandy loam and clay soil respectively. Total CO~2~ emissions from the OA amended soils after 60 days ranged from 309--818 kg C ha^-1^ in the sandy loam soil and from 782--1339 kg C ha^-1^ in the clay soil, with the lowest emissions from the RB and CM treatments, and the highest emissions from MM amended soils. In terms of CO~2~ emissions after both 30 and 60 days, the treatments could be ranked UN \< RB = CM \< HC \< MB \< MM with the CO~2~ emissions from the first 30 days representing just over one-half of the CO~2~ emissions after 60 days (including CO~2~ emissions from urea).Table 4**Total CO** ~**2**~ **emitted and proportion of applied C lost as CO** ~**2**~ **after addition of OAs to two sugarcane soils (sandy loam and clay) from Broadwater (NSW) after 30 and 60 days incubation**Applied C (t ha ^-1^)Sandy loam soilClay soilTreatmentTotal CO ~2~--C emissionsNet CO ~2~-C ^‡^/C appliedTotal CO ~2~--C emissionsNet CO ~2~-C ^‡^/C applied(kg CO ~2~--C ha ^-1^)(%)(kg CO ~2~--C ha ^-1^)(%)D30D60D30D60D30D60D30D6060% WFPSUN0101 ± 6235 ± 16\--279 ± 11612 ± 22\--MM9.27533 ± 36910 ± 464.7 ± 0.47.3 ± 0.5686 ± 261314 ± 854.4 ± 0.47.6 ± 0.9RB25.95174 ± 9395 ± 170.3 ± 0.030.6 ± 0.1346 ± 7724±130.3 ± 0.10.4 ± 0.1MB15.87364 ± 17661 ± 101.7 ± 0.12.7 ± 0.1590 ± 151084 ± 382.0 ± 0.23.0 ± 0.3CM6.50158 ± 9312 ± 170.9 ± 0.21.2 ± 0.4344 ± 14721 ± 281.0 ± 0.21.7 ± 0.5HC4.51298 ± 22487 ± 194.4 ± 0.65.6 ± 0.6401 ± 27762 ± 402.7 ± 0.53.3 ± 0.975% WFPSUN0116 ± 5254 ± 18\--306 ± 10659 ± 15\--MM9.27497 ± 71820 ± 974.1 ± 0.76.1 ± 1.1713 ± 451331 ± 754.4 ± 0.47.2 ± 0.7RB25.95156 ± 8332 ± 240.2 ± 0.040.3 ± 0.1419 ± 12860 ± 270.4 ± 0.020.8 ± 0.1MB15.87397 ± 31718 ± 311.8 ± 0.22.9 ± 0.3624 ± 181179 ± 302.0 ± 0.13.3 ± 0.2CM6.50153 ± 12299 ± 190.6 ± 0.20.7 ± 0.3383 ± 15786 ± 311.2 ± 0.32.0 ± 0.3HC4.51286 ± 12458 ± 153.8 ± 0.34.5 ± 0.6438 ± 14838 ± 322.9 ± 0.43.9 ± 0.590% WFPSUN093 ± 3203 ± 3\--329 ± 11728 ± 22\--MM9.27433 ± 43725 ± 493.7 ± 0.45.6 ± 0.5698 ± 281373 ± 444.0 ± 0.37.0 ± 0.7RB25.95136 ± 11302 ± 270.2 ± 0.040.4 ± 0.1448 ± 5891 ± 210.5 ± 0.10.6 ± 0.1MB15.87370 ± 7635 ± 281.7 ± 0.052.7 ± 0.2698 ± 251324 ± 672.3 ± 0.23.8 ± 0.5CM6.50154 ± 13317 ± 260.9 ± 0.21.8 ± 0.4424 ± 16838 ± 291.5 ± 0.31.7 ± 0.5HC4.51300 ± 30459 ± 324.6 ± 0.75.7 ± 0.8471 ± 10885 ± 343.1 ± 0.43.5 ± 1.1^‡^Net CO~2~ emissions after subtracting unamended losses and CO~2~ from urea (85.7 kg C ha^-1^) in the case of D30-60.Urea (200 kg N ha^-1^) was added at Day 30. Values are mean with SE (n = 5).

There were significant differences between OAs with respect to the proportion of the applied C loss as CO~2~ after 30 and 60 days (Table  [4](#Tab4){ref-type="table"}). When averaged across WFPS levels, the amount of C evolved as CO~2~ (corrected for both background and urea based emission) and expressed as a percentage of total C applied was similar for both soils, ranging from 0.3-4.3% after 30 days, and 0.5-6.7% after 60 days. In terms of CO~2~ production (as a proportion of C applied), the OAs could be ranked RB \< CM \< MB \< HC \< MM, similar to the ranking of absolute CO~2~ emissions.

Linear models were developed to estimate total CO~2~ (kg C ha^-1^) production from the soils in response to adding OAs and WFPS over the two 30 day time periods. The models took into account the addition of urea at 30 days.

Where CN is the C/N ratio of the OA, DM is dry matter applied (kg ha^-1^) at day 0, CEC is cation exchange capacity of the soil (cmol^(+)^ kg^-1^) at day 0 and WFPS is water filled pore space (%).

All three variables (soil type, OA and WFPS) had highly significant influences (P \< 0.001) on total N~2~O emissions over 30 and 60 days (Table  [5](#Tab5){ref-type="table"}). The average total N~2~O emissions after 30 days were 1.37 and 0.42 kg N ha^-1^ from the sandy loam and clay soil respectively. After 60 days, the average total N~2~O emissions were 2.36 and 1.36 kg N ha^-1^ from the sandy loam and clay soil respectively. After 30 days, the N~2~O emissions from all OAs (except HC) in the sandy loam were comparable to UN (average 33 g N ha^-1^) at 60% and 75% WFPS. In contrast, the HC soils had emitted (on average) 0.69 kg N ha^-1^ at 60% and 75% levels. At 90% WFPS, N~2~O emissions for RB, MM and MB treatments in the sandy loam remained low, but the N~2~O emissions from the UN and CM treatments increased thirty-fold (to 1.44 kg N ha^-1^) over the first 30 days when compared to the two lower WFPS levels. Emissions from the HC treatment at 90% WFPS increased four-fold to 2.7 kg N ha^-1^.Table 5**Total N** ~**2**~ **O emissions from two sugarcane soils (sandy loam and clay) from Broadwater (NSW) after periods of 30 and 60 days incubation at three WFPS levels following addition of OAs**Cumulative N ~2~O emission (kg N ~2~O-N ha ^-1^)Sandy loam soilClay soilWFPSWFPSTreatment60%75%90%60%75%90%Day 30UN0.04 ± 0.010.02 ± 0.0021.40 ± 0.080.06 ± 0.010.04 ± 0.010.16 ± 0.02MM0.02 ± 0.0010.02 ± 0.0030.05 ± 0.0030.03 ± 0.010.02 ± 0.0020.04 ± 0.01RB0.02 ± 0.0010.02 ± 0.0030.04 ± 0.010.03 ± 0.010.05 ± 0.020.04 ± 0.01MB0.02 ± 0.0010.02 ± 0.0030.02 ± 0.0010.04 ± 0.010.03 ± 0.0020.03 ± 0.01CM0.02 ± 0.0010.03 ± 0.011.48 ± 0.150.03 ± 0.0040.04 ± 0.010.07 ± 0.03HC0.65 ± 0.110.73 ± 0.092.73 ± 0.380.16 ± 0.020.38 ± 0.130.72 ± 0.19Day 60UN1.07 ± 0.071.49 ± 0.263.73 ± 0.240.97 ± 0.070.89 ± 0.061.93 ± 0.27MM1.97 ± 0.213.20 ± 0.333.65 ± 0.151.11 ± 0.131.26 ± 0.151.63 ± 0.14RB0.61 ± 0.030.81 ± 0.071.14 ± 0.170.51 ± 0.030.60 ± 0.050.81 ± 0.14MB1.17 ± 0.162.09 ± 0.252.25 ± 0.240.72 ± 0.031.12 ± 0.131.51 ± 0.14CM1.08 ± 0.041.49 ± 0.174.06 ± 0.450.86 ± 0.081.20 ± 0.051.42 ± 0.06HC1.99 ± 0.122.32 ± 0.448.29 ± 0.851.27 ± 0.152.46 ± 0.394.25 ± 0.52Urea (200 kg N ha^-1^) was added on Day 30. Values present the mean with SE (n = 5).

In the clay soil, when considering both OAs and WFPS, the trend in N~2~O production over the first 30 days was similar to the sandy loam, however in the clay soil the increase in N~2~O emissions at 90% WFPS were not as pronounced as in the sandy loam. Emissions from the UN treatment in the clay soil were (on average) 49 g N ha^-1^ at 60% and 75% WFPS but only increased three-fold at 90% WFPS. Total N~2~O emissions from RB, MM and MB were relatively consistent across the three WFPS levels (average of 35 g N ha^-1^). The highest emissions were found from HC, increasing stepwise from 162--716 g N ha^-1^ as WFPS increased from 60-90%.

Considering both soil types, the impact of adding RB (when compared to UN) on N~2~O emissions during the first 30 days was a reduction of 1.36 and 0.11 kg N ha^-1^ for the sandy loam and clay soil respectively. Similar reductions in N~2~O were found in the MM and MB treatments.

After the addition of urea (200 kg N ha^-1^) at day 30, total N~2~O emissions over the next 30 days (averaged over all WFPS levels) increased nearly five-fold in the sandy soil (from 0.41 to 1.95 kg N ha^-1^) and over ten-fold in the clay soil (from 0.11 to 1.25 kg N ha^-1^) compared to the first 30 days. In the sandy loam, N~2~O emissions increased from 1.0 to 2.33 kg N ha^-1^ in the UN treatment as WFPS increased from 60 to 90% WFPS and from 1.95 to 3.6 kg N ha^-1^ in MM. The largest increase in N~2~O emissions was found in the HC treatment (1.34 to 5.56 kg N ha^-1^) when WFPS increased from 60 to 90%. Total N~2~O emissions over the second 30 days in RB were only 0.59 kg N ha^-1^ at 60% WFPS, increasing to 1.1 kg N ha^-1^ at 90% WFPS, the latter only marginally higher than the emissions from the UN treatments at 60% WFPS.

In the clay soil, the trend in N~2~O production (considering both OAs and WFPS) over the second 30 days was similar to that found in the sandy loam, however the increases in N~2~O emissions were not as pronounced as those found in the sandy loam at 90% WFPS. The latter observation was also found during the first 30 days.

Considering both sandy loam and clay soils, the overall impact of adding RB (when compared to UN) on N~2~O emissions during the second 30 days was a relatively consistent average reduction of 1.12 kg N ha^-1^. In the sandy loam, when compared to UN, the MB amendment also provided a small reduction in N~2~O (103 g N ha^-1^), whilst CM increased N~2~O production by 243 g N ha^-1^. There were large increases in N~2~O emissions (compared to UN) from the MM and HC treatments in the sandy loam during the second 30 days (1.27 and 3.22 kg N respectively). In the clay soil, the MM, MB and CM treatments provided an average reduction in N~2~O emissions of 306 kg N ha^-1^, whilst HC increased N~2~O production by 1.76 kg N ha^-1^. In terms of N~2~O production over both 30 and 60 days, the OAs could be ranked RB \< MB \< MM \< CM \< UN \< HC. The impact of applying RB on N~2~O emissions was consistent across both soil types. During the second 30 day period (after the addition of urea) the N~2~O emissions declined (compared to UN) on average by 42% at the two lower WFPS and 64% at the high WFPS.

Linear models were developed to estimate total N~2~O (g N ha^-1^) production from the soils in response to adding OAs and WFPS over the two 30 day time periods. The models took into account the addition of urea at 30 days.

Variation in mineral N during the incubation {#Sec13}
--------------------------------------------

After 60 days, the concentrations of mineral N (measured as NH~4~^+^ and NO~3~^-^) were significantly higher (P \< 0.001) in the clay (average 276 mg N kg^-1^) compared to the sandy loam (average 176 mg N kg^-1^) across all WFPS (Table  [6](#Tab6){ref-type="table"}). The average mineral N content of all the OAs was approximately the same as the UN treatment in the sandy loam, but 40 mg N kg^-1^ higher than UN in the clay soil. The mineral N content of the HC amended soil after 60 days was found to be significantly higher (P \< 0.01) compared to all the other OAs (including UN), mainly due to an increase in soil NO~3~^-^ (average difference of 85 mg N kg^-1^). The addition of RB also resulted in significant higher NO~3~^-^ levels after 60 days (average 45 mg N kg^-1^) compared to UN.Table 6**Mineral N levels in two sugarcane soils (sandy loam and clay) from Broadwater (NSW) after 60 days and following the application of OAs (Day 0) and urea** ^**‡**^ **(Day 30)**Sandy loam ^§^Clay ^§^TreatmentNH ~4~ ^+^-N NO ~3~ ^-^-NNH ~4~ ^+^-N NO ~3~ ^-^-Nmg kg^-1^ soil60% WFPSUN82 ± 22109 ± 1281 ± 12106 ± 13MM45 ± 9109 ± 1878 ± 10112 ± 41RB45 ± 1155 ± 2648 ± 8141 ± 15MB39 ± 8115 ± 487 ± 18154 ± 9CM38 ± 799 ± 1654 ± 10164 ± 24HC47 ± 4210 ± 478 ± 26206 ± 3975% WFPSUN86 ± 17136 ± 1593 ± 4179 ± 3MM67 ± 21190 ± 4099 ± 6155 ± 6RB43 ± 14151 ± 23125 ± 32239 ± 29MB47 ± 11161 ± 2289 ± 14172 ± 7CM39 ± 9137 ± 767 ± 14188 ± 13HC56 ± 4213 ± 2487 ± 9259 ± 590% WFPSUN39 ± 873 ± 2291 ± 14178 ± 28MM25 ± 569 ± 1894 ± 25205 ± 26RB12 ± 4135 ± 42117 ± 14227 ± 24MB17 ± 397 ± 2299 ± 27149 ± 17CM28 ± 567 ± 1496 ± 20230 ± 23HC26 ± 5172 ± 2078 ± 16351 ± 52Values are mean with SE (n = 4).^‡^the equivalent of 200 kg ha^-1^ of N.^§^prior to OAs being added, NH~4~ ^+^-N was 19 and 19 mg kg^-1^ and NO~3~ ^-^-N was 19 and 17 mg kg^-1^ in sandy loam and clay soil, respectively.

Discussion {#Sec14}
==========

Influence of CEC and pH on N~2~O emissions {#Sec15}
------------------------------------------

As the cost of mineral fertilisers continue to increase, organic residues are increasingly being utilised for their dual role in improving soil health, improving chemical properties (such as CEC and pH) and nutrient supply. Our study only found significant increases in CEC after the addition of the two OAs which had relatively low C/N ratios (HC and CM), the latter at a relatively high loading rate and CEC. Whilst there are studies that report the benefits of RB in terms of improving soil CEC (Liang et al*.*[@CR45]), a distinction must be made between short and long-term applications of RB and OAs generally. Our results are consistent with those of Whalen et al. ( [@CR81]) who assessed a range of animal manures and Masulili et al. ( [@CR48]) who found no difference in CEC after application of rice husk biochar. Typically, repeated application of OAs is required to change soil properties (Shiralipour et al*.*[@CR65]). Whilst Whalen et al. ( [@CR81]) reported changes in pH after single (but relatively high loadings of manure), in our study, a significant change in pH was only observed after the addition of highly alkaline RB (pH 9). Our results are consistent with Masulili et al. ( [@CR48]) who suggest that rice husk biochar could be considered as a substitute for lime materials to increase the pH of acidic soils. In contrast, the pH of HC amended clay soil declined due to the relatively high sulphur (ca. 1.5%) content of HC (Biala and Smeal [@CR12]).

Influence of OA types on CO~2~ and N~2~O emissions {#Sec16}
--------------------------------------------------

Changes in WFPS did not influence the magnitude of CO~2~ emissions from the sandy loam or clay soils over 60 days, which is consistent with the incubation study of Ruser et al. ( [@CR64]), and field studies of Frank et al. ( [@CR29]) and Drewitt et al. ( [@CR25]). Even though the unamended soils were similar in terms of initial soil organic C content, the fact the clay soil respired 3 times as much CO~2~ indicates very different partitioning of the native soil organic matter pools and availability of more decomposable forms of soil organic matter in the clay. On addition of the OAs, we observed the highest fluxes over the first 2 days, which has also been reported by Alotaibi and Schoenau ( [@CR2]). On application of N fertiliser at day 30, CO~2~ emissions were enhanced by the hydrolysis of the urea (van Zwieten et al*.*[@CR73]), similar to reports by Li et al. ( [@CR43]) after applying supplemental fertilisers.

All OAs promoted higher CO~2~ emissions over the 60 days (compared to the unamended soil), however the fact we fixed the rate of total N application of OAs means CO~2~ emissions are directly linked to the proportion of decomposable organic C within a specific OA (Ajwa and Tabatabai [@CR1]). Whilst there was considerable difference in the amount of DM added (equivalent to 16--56 t DM ha^-1^), the total amount of OA applied in combination with the C/N ratio generally explains the behaviour of the individual OAs in terms of both absolute and the proportional CO~2~ emissions except where composting has been part of the preparation of the OA process resulting in the labile C and mineral N fractions of the OA being low (e.g. CM). Significantly lower rates of C mineralisation have also been reported by Hartz et al. ( [@CR32]) when comparing composts to manure amendments. Our linear models (combining DM, C/N, WFPS and soil CEC) predicted the CO~2~ emissions from CM in comparison to other OAs (including the composted HC), but the HC had sufficiently high levels of labile C (as an easily degradable C source) and mineral N (for assimilation by microorganisms in the decomposition process). Nitrogen immobilisation takes place in soils amended with raw organic material (such as raw mill mud) (Negro et al. [@CR53]) and high C-to-N ratio organic amendments (Ambus et al. [@CR4]; Craine et al. [@CR21]). Our results are consistent with the fact that OAs with a C/N ratio in excess of 40 have insufficient N to meet microbial demands for rapid decomposition (Virgil and Kissel [@CR76]) and initially degrade at a slower rate than those with lower C/N ratios. Whilst the MB treatments (C/N = 57) did not conform to this observation of reduced CO~2~ emissions this is due to the fact there was a clear partitioning between readily decomposable and resistant C fractions due to the mixing of MM and RB feedstocks, and the C/N ratio of the blended product did not adequately characterise the product in this respect.

Our observation of significant reduced CO~2~ emissions with the addition of biochar compared to other OAs is consistent with Singh et al. ( [@CR66]) and Zimmerman et al. ( [@CR90]) but increases in CO~2~ emissions after biochar addition have also been reported by Rogovska et al. ( [@CR62]) and Zheng et al. ( [@CR89]). Biochar decreases the bioavailability of soluble organic substrates due to absorption on their surfaces suppressing CO~2~ emissions (van Zwieten et al. [@CR72]) however where increases in CO~2~ emissions have been reported after the addition of biochar, this is normally accompanied by a reduction in extractable NO~3~^-^, or immobilisation, to support microbial growth and decomposition (Ippolito et al. [@CR36]; Zheng et al. [@CR89]). In our study, extractable NO~3~^-^ levels were significantly higher in the RB treated soils than the unamended after 60 days, supporting the observation of Major et al. ( [@CR47]) and Singh et al. ( [@CR67]) that the predominately aromatic structure of high C/N biochars have little bioavailable C for inducing immobilisation.

The availability of N from OAs and fertiliser sources determines the rate of both nitrification and denitrification and subsequent N~2~O production from soils (Andersen and Petersen [@CR6]). Nitrous oxide emissions produced over the 60 days in both soils were negatively correlated with the C/N ratio of the OA (i.e. higher N~2~O emissions at lower C/N), similar to the observations of Huang et al. ( [@CR33]) and Chen et al. ( [@CR20]). The highest emissions were consistently observed from the HC amended soils at all WFPS, with high levels of readily available (mineral) N and labile C to promote denitrification at the highest WFPS (Robertson and Tiedje [@CR61]; Regina et al. [@CR60]; Mohn et al. [@CR51]; Garcia-Montiel et al. [@CR30]; Bateman and Baggs [@CR10]; Wallenstein et al. [@CR77]; Pérez et al. [@CR57]). The significant increase in N~2~O emissions we observed once WFPS exceeded 75% has been demonstrated in many studies (Weier et al. [@CR80]; Rudaz et al. [@CR63]; Ruser et al. [@CR64]). The increased N~2~O emissions observed after N fertilisation are also similar to the observations of Uchida et al. ( [@CR70]), Ji et al. ( [@CR38]), and Alvarez et al. ( [@CR3]). Whilst Chen et al. ( [@CR20]) report enhanced N~2~O emissions (compared to unamended controls) at C/N ratios \< 45, our results during the first 30 days of the incubation did not follow this pattern under both aerobic (WFPS 60 and 75%) and anaerobic (WFPS 90%) conditions. Only the HC treatment (C/N = 13 and relatively high levels of mineral N and labile C) consistently showed higher N~2~O production. This effect was not as evident during the second 30 days, when the addition of urea provided sufficient available N to support microbial decomposition of the OAs and promoted N~2~O production (greater than the unamended control) in all OAs except RB with high C/N ratio. Our data supports the hypothesis of Chen et al. ( [@CR20]) that organic residues supply only a small fraction of the N requirement needed to promote mineralisation and N~2~O production.

Total N~2~O emissions from the clay soil were generally lower than from the sandy loam soil at all WFPS levels and OAs, at both 30 and 60 days. This is consistent with observations of Jarecki et al. ( [@CR37]), Cayuela et al. ( [@CR16]) and Wang et al. ( [@CR78]) but in direct contrast to Chen et al. ( [@CR20]). Whilst we agree with De Visscher et al. ( [@CR24]) that soils with high CEC (e.g. clays) may facilitate immobilisation of NH~4~^+^ at cation exchange sites our mineral N data after 60 days does not support this hypothesis. The coarser textured sandy loam could be favouring N~2~O production through nitrification as observed by Cayuela et al. ( [@CR16]), however there are significantly larger amounts of N~2~O being produced at 90% WFPS in the sandy loam which can only be attributed to denitrification. This suggests that the contrasting low N~2~O emissions observed from the clay soil at 90% WFPS are due to the conversion of N~2~O to N~2~. Our observation of higher levels of NO~3~^-^ in the clay soil after 60 days could potentially negate this conclusion, however the addition of urea at day 30, effectively removed any constraints on C and N mineralisation and NO~3~^-^ levels in both soils would still be relatively high even under conditions favouring denitrification.

Our study supports the weight of literature that biochar can significantly reduce N~2~O emissions in both aerobic and anaerobic situations. Our reductions in emissions during the second 30 days after fertilisation ranged from 42-64% and are of the same order of magnitude as those reported by Wang et al. ( [@CR78]); Zhang et al. ( [@CR86], [@CR87]) and van Zwieten et al. ( [@CR73], [@CR74]). Lehmann et al. ( [@CR42]) and van Zwieten et al. ( [@CR72]) reported reduction in N~2~O emissions due to N immobilisation however we added additional mineral N and both NH~4~^+^ and NO~3~^+^ levels remained high in the RB treatment which confirms our earlier assertion that the highly resistant nature of high C/N rice husk biochar has little (if any) bioavailable C to fuel the denitrification process.

Conclusions {#Sec17}
===========

This laboratory incubation provides critical information with respect to the practical utilisation of a range of OAs on the production of GHGs from soils of contrasting textures in response to changes in WFPS. The addition of OAs significantly increased CO~2~ production. Nitrous oxide emissions decreased on application of OAs, except in the case of the high N compost. In terms of CO~2~, regression models which included DM, C/N ratio, soil CEC and WFPS as input variables were able to describe CO~2~ production over 30 and 60 days, the latter after the application of urea (equivalent to 200 kg N ha^-1^). The model was not as effective when predicting CO~2~ emissions from composts with high levels of available (labile) C and (mineral) N. Regression models using the same input parameters as CO~2~ were able to explain the production of N~2~O at 30 and 60 days. The application of RB reduced N~2~O emissions (during the 30 days after urea was applied) by as much as 42-64% depending on WFPS. Reductions in both CO~2~ and N~2~O emissions after application of RB with high C/N ratio are due to a reduced bioavailability of C and not immobilisation of N. Further studies are needed to verify the mechanism in which RB reduces N~2~O emissions.
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